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The Atomic Structure of Rice dwarf Virus
Reveals the Self-Assembly Mechanism
of Component Proteins
after multiplication of the virus in the insect. Infection by
RDV results in chlorotic specks on leaves and stunting of
plant growth. RDV is widely prevalent and it is one of
the viruses that cause the most economic damage in
China, Japan, and other Asian countries. Each viral parti-
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Sweden Recently the 6.8 A˚ resolution structure of RDV was
determined using single-particle electron cryo-micros-
copy technique by Zhou et al. (2001). Combined with
bioinformatics analysis, they showed the overall foldingSummary
and some features of the secondary structure elements
of the capsid proteins.Rice dwarf virus (RDV), the causal agent of rice dwarf
disease, is a member of the genus Phytoreovirus in We present here the atomic structure of RDV, deter-
mined at 3.5 A˚ resolution by X-ray crystallography. Thethe family Reoviridae. RDV is a double-shelled virus
with a molecular mass of approximately 70 million Dal- model consists of P3 inner capsid proteins, P8 outer
capsid proteins, and fragments of P7, the nucleic acidton. This virus is widely prevalent and is one of the
viruses that cause the most economic damage in many binding protein. The atomic structure suggests a self-
assembly mechanism for both homologous and heterol-Asian countries. The atomic structure of RDV was de-
termined at 3.5 A˚ resolution by X-ray crystallography. ogous capsid proteins.
The double-shelled structure consists of two different
proteins, the core protein P3 and the outer shell protein
Results and DiscussionP8. The atomic structure shows structural and electro-
static complementarities between both homologous
Structure Determination(P3-P3 and P8-P8) and heterologous (P3-P8) interac-
Details of the structure determination of RDV by X-raytions, as well as overall conformational changes found
crystallography are described in the Experimental Pro-in P3-P3 dimer caused by the insertion of amino-termi-
cedures section. All diffraction data were collected atnal loop regions of one of the P3 protein into the other.
room temperature on the bending magnet beamlinesThese interactions suggest how the 900 protein com-
(BL6A and BL18B) at the Photon Factory, the High Energyponents are built into a higher-ordered virus core
Accelerator Research Organization (KEK), equipped withstructure.
an imaging plate on a Weissenberg camera for macro-
molecular crystallography (Sakabe et al., 1995). Be-Introduction
cause the RDV crystals were sensitive to environmental
changes, the crystals were mounted in glass capillaryRice dwarf virus (RDV), the causal agent of rice dwarf
tubes that had been filled with mother liquor. The RDVdisease, is a member of the genus Phytoreovirus in the
crystals were easily damaged by X-ray irradiation, andfamily Reoviridae. It is transmitted to rice, wheat, barley,
only 20–30 frames of data could be collected from eachand other gramineae plants by insect vectors, with the
crystal. More than 120 crystals were exposed to X-rays,main vectors being leafhoppers (Nephotettix species),
and a total of 86 crystals were used for collection of
1477 frames of data. In addition, a specially designed*Correspondence: atsushi@protein.osaka-u.ac.jp
direct beam stop, mounted just in front of the imaging5 Present address: RIKEN Harima Institute, 1-1-1 Kouto, Mikazuki,
Sayo, Hyogo 679-5148, Japan. plate, was used to collect data sets for lower-resolution
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the outer shell region can easily be distinguished asTable 1. Data Collection
shown in Figure 1C.
Resolution (A˚) 230–3.5
Total number of frames 1,477
Total number of reflections 17,806,888 Atomic Structure of the Core Capsid Protein, P3
Unique reflections 3,001,937 The P3 protein resembles a thin crescent-like plate and
Completeness (%) 97.7
has dimensions of 45  65  150 A˚ (Figure 2A). TwoMultiplicity 5.9
icosahedrally independent P3 proteins, P3A and P3B,I/I() 3.1
have similar but significantly different overall shapes.Rmergea 0.186
An amino-terminal segment (residues 1–49) of the P3Aa Rmerge  j | I(h)  I(h)j | / jI(h), where I(h) is the mean
subunit is completely disordered, whereas this tail re-intensity of symmetry-equivalent reflections.
gion in the P3B subunit interacts with the P3A subunit
and is well ordered. The P3 protein does not have signifi-
cant domain boundaries, but a comparison of the P3A
and P3B subunits reveals that the P3 protein can bedata, and 64.5% of the expected reflection data in a
resolution shell of 230–100 A˚ were collected. A diffrac- separated into three domains as found in the BTV core
(Grimes et al., 1998): the apical domain (A domain), resi-tion data set at 3.5 A˚ resolution with 97.7% complete-
ness with an Rmerge of 0.186 was obtained. Results for dues 286–745 and 1004–1019; the carapace domain (C
domain), residues 1–285, 746–772, and 966–1003; andthe diffraction data collection are summarized in Ta-
ble 1. the dimerization domain (D domain), residues 773–965
(Figure 2A). A structural similarity search by the DALIA 26 A˚ resolution electron density map, obtained from
a cryo-electron micrograph (cryo-EM) (Wu et al., 2000), server (Holm and Sander, 1993) did not find structures
similar to that of the P3 protein apart from the VP3was used as the starting model for phase improvement
and phase extension by 15-fold noncrystallographic subunit of the BTV core (Grimes et al., 1998), an insect-
borne virus that also belongs to the Reoviridae family.symmetry (NCS) averaging, and an interpretable 3.5 A˚
resolution electron density map was finally obtained The core is very thin, being only 25 to 45 A˚ thick
(Figure 2A). The outer surface of the core is relatively(R  0.264; correlation coefficient  0.876) after 3960
cycles of NCS averaging and phase extension cycles. angular and appears to have an icosahedral shape (Fig-
ure 3A), whereas the inner surface of the core is relativelyAn atomic model was built into this electron density
map by the program O (Jones et al., 1991) and then smooth and spherical. The icosahedral shape of the
shell structure is defined mainly by the shape of the Arefined against the 3.5 A˚ resolution data by the CNS
program (Bru¨nger et al., 1998). The current atomic model domain of the P3 proteins, and this A domain is mostly
-helical but somewhat triangular in shape when viewedconsists of two P3 subunits (P3A, residues 50–1016;
P3B, residues 1–1019), 13 P8 subunits (PA, residues in cross-section.
1–47 and 55–421; PB, residues 1–48 and 55–421; PC,
residues 1–49 and 54–421; QA, residues 1–421; QB, resi- Interaction of P3 Subunits: Structural Changes
dues 1–421; QC, residues 1–47 and 54–421; RA, residues in the P3 Subunit during Dimerization
1–421; RB, residues 1–48 and 53–421; RC, residues To analyze interactions between neighboring P3 pro-
1–421; SA, residues 1–421; SB, residues 1–50 and 53– teins, we looked for atomic interactions, such as hydro-
421; SC, residues 1–47 and 56–421; T, residues 1–421), gen bonds, salt bridges, and van der Waals contacts
and a fragment of P7 (residues 289–300), which account (Figure 1A, Table 2). Subunits Aa1 and Ba1 and their
for 58,130 nonhydrogen atoms of the icosahedral asym- equivalent pairs (see Figure 1A) have the most abundant
metric unit. The crystallographic R factor is 0.301 for hydrogen bonds and salt bridges among the P3-P3 inter-
data between 200 and 3.5 A˚, and the free R factor is 0.305 faces. The Aa1-Bb2 and Aa1-Ba2 pairs have the next-
for randomly selected 5% of the reflections. Almost all tightest interactions, but the intersubunit interactions
of the amino acid residues (99.7%) fall within the most are significantly less numerous in the other pairs of sub-
favored or additionally allowed regions of the Rama- units. The tightest interaction in each Aa1-Bb1 pair is
chandran plot (Laskowski et al., 1993). mainly due to the interaction of the amino-terminal arm
of subunit Bb1 (P3B) with subunit Aa1 (P3A). The amino-
terminal arm of 30 residues of P3B interacts intimatelyOverall Structure of RDV Particle
The core particle is composed of 120 copies of P3 pro- with the P3A molecule (Figure 2B), and this arm stabi-
lizes the dimer of the two P3 subunits. It is noteworthytein. It has T 1 symmetry and, as found in other viruses
in the Reoviridae family, has two icosahedrally indepen- that the 49 amino-terminal residues of P3A are com-
pletely disordered and this region cannot be identifieddent P3 subunits, P3A and P3B, shown in light blue
and pink, respectively, in Figure 1A (Grimes et al., 1998; in the electron density map. By contrast, the amino-
terminal arm of P3B is well ordered and easily identifiedReinisch et al., 2000). The outer shell exhibits T  13l
icosahedral symmetry (Naitow et al., 1999) with P8 tri- in the electron density map. In our atomic structure of
RDV, the 10 amino-terminal residues of P3B appear tomers, which are designated T, R, Q, S, and P, respec-
tively (Figure 1B). The overall shape of the particle seems block the 49 amino-terminal residues of P3A (Figure 2C).
This observation suggests that the amino-terminal armto be icosahedral with sharp outer edges, whereas
structures of other viruses in the same Reoviridae family, of one of the P3 molecules interacts with another P3
molecule and changes the conformation of the othersuch as rotavirus (Prasad et al., 1996), reovirus (Reinisch
et al., 2000), and bluetongue virus (BTV) (Grimes et al., P3 molecule to create a complementary structure. This
mechanism can explain the formation of dimers of the1998), seem to be more spherical. The core region and
Atomic Structure of Rice dwarf Virus
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Figure 1. Structure of Rice dwarf Virus
(A) C-trace of the core structure. The icosahedrally independent molecules P3A and P3B are colored in light blue and pink, respectively.
Notations of individual P3 proteins are also shown in this figure (the first capital letter denotes the icosahedrally independent molecules, A
and B).
(B) C-trace of the outer shell of RDV. The icosahedral asymmetric unit contains 13 copies of P8 proteins, designated P, Q, R, S, and T and
colored in red, orange, green, yellow, and blue, respectively.
(C) Cross-section of an RDV particle shown as a CPK model. A short fragment inside the core, distributed around the icosahedral 5-fold axis,
was identified as a fragment of the ribonucleic acid binding protein, P7 (shown in green).
(D) Electron density map of a region around P7 (white bonds) and P3 (yellow bonds). The contours of electron density are drawn at 1.0 times
rms of the electron density.
P3 proteins observed in biochemical analysis (Ueda et 5-fold axis would then be the region where nucleic acid
binds to the core particle via P7 protein.al., 1997). The dimeric structure, which can be consid-
ered as the unit piece in the jigsaw puzzle that makes
up the icosahedral core structure, might initiate the Atomic Structure of the Outer Capsid Protein P8
The P8 proteins form trimeric structures in the outerstructural assembly of the RDV core particle. The amino-
terminal arms of P3A subunits penetrate the inner space shell region (Figures 1B and 4B). P8 protein can be
separated into two significant domain structures (do-of the shell, suggesting that this region might interact
with P7 subunits or nucleic acids in the virus core. The main I, residues 1–150 and 300–421; and domain II, 151–
Structure
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Figure 2. Structure of the Core Capsid Protein, P3
(A) Ribbon drawing of the core protein P3. Top left: the P3A subunit viewed from the outside of the core particle. The polypeptide figure is
colored from blue (amino terminus) to red (carboxyl terminus) via cyan, green, and yellow. Bottom left: the P3A subunit after rotation of the
top left image by 90	. Top right: the P3B subunit viewed from the outside of the core particle. The protein is colored according to its
domain structure (apical domain, green, residues 286–745 and 1004–1019; carapace domain, yellow, residues 1–285, 746–772, and 966–1003;
dimerization domain, red, residues 773–965, following the nomenclature of BTV structure [Grimes et al., 1998]). Two icosahedrally independent
subunits (P3A and P3B) retain almost the same elements of secondary structure, but small interdomain movements change the overall shape
of the molecules. Bottom right: the P3B subunit after rotation of the top right image by 90	.
(B) Interaction in the core between two icosahedrally independent P3 molecules, namely, Aa1(P3A) (light blue) and Ba1(P3B) (pink). The amino-
terminal arm (residues 1–49) of subunit P3B is shown in red. The residues of P3A and P3B with differences greater than 1 A˚ in the main chain
atoms between P3A and are shown in yellow and orange, respectively.
(C) The region in which the amino-terminal extension of P3B is blocked by the amino-terminal region of P3A. The transparent blue loop shows
the structure of P3B superimposed onto that of P3A. Ten residues of the amino-terminal region of P3B (pink) block the extension of the
amino-terminal region of P3A (light blue), and the amino-terminal 49 residues of P3A are completely disordered.
299; Figure 4A). Domain I is entirely -helical and sits (Holm and Sander, 1993) revealed that the domain II
resembles certain proteins, such as peptidylglycineon the inner capsid shell. Domain II is mainly a 
 sheet
structure with a jellyroll motif; it is located on the surface -hydroxylating monooxygenase (PHM) (Prigge et al.,
1997). This protein is a member of the nucleoplasmin/of the virus and interacts with the outer environment.
A structural similarity search using the DALI server PNGase F-like fold and the PHM/PNGase F superfamily
Atomic Structure of Rice dwarf Virus
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Figure 3. Overall Spapes of Particles of Viruses in the Reoviridae Family
(A) Structures of particles of viruses in the Reoviridae family. Left: Rice dwarf virus; middle: bluetongue virus (Grimes et al., 1998); right,
Reovirus (Reinisch et al., 2000). The overall shape of these viral particles is defined mainly by the contours of the surface of the inner shell
structure. In RDV, the triangular shape of the A domain of the P3 core capsid protein defines the shape of the particle.
(B) The structure of the outer shell of RDV colored in terms of temperature factors (blue [B  1] to red [B  100]). The temperature factors
of the P-trimers at the icosahedral 5-fold axes are significantly higher that those of the P8 trimers in the outer shell.
in the SCOP database (Murzin et al., 1995). The members II of P8 can participate in interactions similar to those
of other proteins in the same superfamily.of this superfamily bind peptide subunits, according to
SCOP (Murzin et al., 1995). Thus, it is likely that domain When P8 proteins form trimers, each P8 protein wraps
Table 2. Interactions within P3-P3 Pairs
Aa1-Ba1 Aa1-Bb2 Aa1-Ab1 Aa1-Ba2 Aa1-Aa2 Ba1-Bb2
Strong H bond (3.3 A˚) 19 17 0 12 4 0
Strong salt bridgea (3.3 A˚) 12 5 0 5 1 1
Weak H bond (3.3–3.6 A˚) 5 5 0 2 0 2
Weak salt bridgea (3.3–3.6 A˚) 1 1 0 2 3 3
van der Waals interactions 341 195 4 189 63 38
Total number 378 223 4 210 71 44
Estimated total energy 207.3 136.5 1.2 115.7 39.9 24.4
of interactions (kcal/mol)
Numbers of bonds and the estimated total energy for each pair are shown. The designation of P3 subunits is shown in Figure 3A. Atom pairs
with distances of less than 4 A˚ are grouped under “van der Waals interactions.” The total energy of interactions was estimated from the
energy for each interaction (strong H bonds and strong salt bridges, 3 kcal/mol; weak H bonds and weak salt bridges, 2 kcal/mol; van der
Waals interactions, 0.3 kcal/mol).
a Interactions between the positively charged side chain (arginine or lysine) and the negatively charged side chain (aspartate or glutamate)
are defined as salt bridge.
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Figure 4. Structure of the Outer Capsid Protein P8
(A) Ribbon drawing of the monomer structure of outer capsid protein P8. The polypeptide chain is colored from the amino terminus (blue) to
the carboxyl terminus (red) via cyan, green, and yellow.
(B) Trimer structure of P8, as observed from the outside of the viral particle. Individual subunits are colored red, blue, and green, respectively.
Although 13 icosahedrally different subunit structures were found in the outer shell, all structures were basically the same (rms deviations
between each subunit was less than 1 A˚).
(C) Surface electrostatic potentials on a P8 trimer, as viewed from a P8 trimer-P8 trimer interface. Positive charged region are colored in blue,
and negative charged regions are colored in red. Charged regions are clustered, suggesting that they might complement the distribution of
charges on neighboring P8 trimers. Electrostatic potential map was calculated by the program used for the eF-site (Kinoshita et al., 2001).
(D) Schematic representation of side-by-side interactions among P8 trimers. Positively charged patches (shown in blue) and negatively charged
patches (shown in red) make electrostatic pairs on the P8-P8 interfaces.
around another in a right-handed manner and the sub- negative charges, allowing clear electrostatic comple-
mentarity with adjacent subunits (Figures 4C and 4D).units “swap” domains with adjacent subunits via strong
interactions that yield a single trimeric unit. The overall Shape complementarities (Lawrence and Colman, 1993)
among trimers (SC  0.26–0.49) and interactions be-shape of the P8 trimer is prismatic, with sides of 90 A˚
and a height of 68 A˚ (Figure 4B). tween individual P8 proteins might also stabilize the
interactions between adjacent P8 trimers. In particular,
close interaction is found between two P8 trimers atInteractions among P8 Trimers: Mechanism
of the Outer Shell Formation 274–276. This region has a unique amino acid sequence,
a GGG triplet. The last two glycines are especially closeThe interactions among P8 trimers involve side-by-side
contacts. The electrostatic potential on the surface of to the corresponding residues related by icosahedral
2-fold symmetry. Occurrence of other bulkier side chaineach P8 trimer has obvious patches of positive and
Atomic Structure of Rice dwarf Virus
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Table 3. Interactions within Core P3 Molecules and P8 Trimer Pairs
P Q R S T
Aa1 Ba1 Aa1 Ba1 Ba1 Aa1 Ba2 Ba1 Bb2 Bf5
Strong H bond (3.3 A˚) 3 2 3 8 4 5 0 8 8 8
Strong salt bridgea (3.3 A˚) 0 0 2 0 1 0 0 0 0 0
Weak H bond (3.3–3.6 A˚) 3 4 1 4 7 5 0 5 5 5
Weak salt bridgea (3.3–3.6 A˚) 0 0 2 0 1 0 0 0 0 0
van der Waals interactions 62 27 89 102 125 73 8 57 57 57
Total number 100 211 138 91 210
Estimated total energy 53.7 110.3 68.5 52.7 153.3
of interactions (kcal/mol)
Numbers of bonds and estimated total energy between each pair of P3 and P8 trimers are shown. The designations of P8 trimers are shown
in Figure 4A. Numbers of atom pairs with distances of less than 4 A˚ are grouped under “van der Waals interactions.” The total energy of
interactions was estimated as indicated in the footnote to Table 2.
a Interactions between the positively charged side chain (arginine or lysine) and the negatively charged side chain (aspartate or glutamate)
are defined as salt bridge.
at this position, even a methyl group, might cause steric the virus core. This observation supports the observa-
hindrance between P8 trimers. This triplet is semicons- tion, made by cryo-EM (Wu et al., 2000), that only the
erved in viruses that belong to the genus Phytoreovirus, T-trimers remain on the surface of the core after treat-
such as Rice gall dwarf virus (RGDV) (Noda et al., 1991) ment of intact particles with 0.8 M Mg2 ions. The atomic
and Wound tumor virus (WTV) (Xu et al., 1989), which have structure determined in the present study indicates that
SGG and AGG triplets, respectively. Thus, the bilateral interactions between the T-trimer and P3B at the 3-fold
character found in the atomic structure of P8 trimers might axis are based on electrostatic interactions, hydrogen
be significant for the interaction that allows self-assembly bonds, and surface complementarity (Figures 5A and
of the viral outer capsid. Indeed, two-dimensional arrays 5B). As shown in Figure 5C, the edges of the P8 trimer
of the P8 trimers have been generated in a similar manner (shown as red line in Figure 5C) are not parallel to the
under specific experimental conditions (Zhu et al., 1997). line that is shown with the connection of the adjacent
icosahedral 5-fold axes (shown as green line in Figure
5C). This feature might be due to the fact that the orienta-Interactions among P3 Core Capsid and P8 Outer
tion of the P8 trimer relative to the P3 subunits at theCapsid Proteins: The Assembly of Heterologous
icosahedral 3-fold axis is determined mainly by electro-Proteins in Two Layers
static interactions between these P8 trimers. Binding ofAll the P8 proteins in the virus particle have almost the
neighboring P8 trimers to the T-trimer via the bindingsame conformation with root-mean-square (rms) devia-
forces among P8 trimers that were found in this studytions of less than 1 A˚, and there are large structural
allows P8 to extend over the total area of the core parti-differences among the subunits in only a few regions.
cle in a mismatched manner, with a T  13 structure.These structural differences are caused by some con-
The mismatch between the innermost and the sec-tacts with P3 proteins (residues 30–31, 47–55, and 93–
ond-layer proteins that have been observed in many96) and by some contacts with domain II of P8 trimers
(residues 275–277). This region is part of an -helical animal-infecting viruses, such as reovirus (Reinisch et
domain, and the interactions between P8 and P3 are al., 2000), rotavirus (Prasad et al., 1996), and BTV
mainly hydrogen bonds and electrostatic interactions, (Grimes et al., 1998) in the Reoviridae, is also found, as
with additional surface complementarity. The outer shell described above, in plant-infecting RDV. The interior
consists of five kinds of trimers, designated T, S, R, Q, environment of the viral core has to be protected from
and P, respectively, which are icosahedrally indepen- the outer environment, for example, from water mole-
dent (Figure 1B). The T-trimer on the icosahedral 3-fold cules and/or ions. The symmetry mismatch might play
axis makes the closest contacts with the inner core P3 an essential role in the defense mechanisms of these
proteins around the icosahedral 3-fold axis (Ba1, Bb2, viruses.
Bf5). Among the remaining trimers, interactions via hy- All the joints formed by the organization of the P3
drogen bonds and salt bridges are most abundant in the protein are covered with P8 trimers (Figure 5C). Thus,
case of the Q-trimer (Table 3). The weakest interactions it seems likely that the T  13 structure of the second
between P8 and P3, found at the P site on the icosahe- layer, found in the viruses that belong to Reoviridae
dral 5-fold axis, are due to the roughness of the surface family, might function to protect the interior portion of
of the inner core at domain A of the P3 protein. the virus from attack by the outer environment, such
as ions, radicals, and so on. If this is the case, the
mismatches in the T  13 structure, in which P8 trimersThe Symmetry Mismatch between the Inner
bind at environmentally different sites on the surface ofand Outer Shells that Results in the T  13
core capsid proteins, provide a structure that, while hardStructure of the Outer Layer
to understand from biochemical perspective, turns outThe strongest interactions between the P8 trimer and
P3 proteins are found in the 3-fold symmetry region of to be a sophisticated viral-defense system.
Structure
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Figure 5. Interactions between the Core and the Outer Shell
(A) Left: Electrostatic potentials on the surface of the core at the icosahedral 3-fold axis, as viewed from the interface between the core and
the outer shell. Electrostatic potential map was calculated by the program used for the eF-site database (Kinoshita et al., 2001). Right:
electrostatic potentials on a P8 trimer as viewed from the interface between the core and the outer shell. Positively charged patches on the
P8 trimer are clustered at positions that correspond to negatively charged patches on the core surface at the icosahedral 3-fold axis.
(B) Schematic representation of the interaction between the inner shell and a P8 trimer at an icosahedral 3-fold axis. Positively charged
patches on the P8 trimer (shown in blue) correspond closely to negatively charged regions on the surface of the core (shown in red) at the
icosahedral 3-fold axis.
(C) Superimposed drawings of the double-shelled structure around an icosahedral 3-fold axis. Edges of the P8 trimer (shown in red line) do
not lie parallel to edges connecting adjacent icosahedral 5-fold axes (shown in green line), and windows between core proteins are well
covered by P8 trimers.
Particle Structure Is Defined by the Structure such as rotavirus (Prasad et al., 1996), BTV (Grimes et
al., 1998), and reovirus (Reinisch et al., 2000), are muchof the Core Capsid Protein
The overall shape of RDV is angular and icosahedral. more spherical (Figures 1B and 3A). These structural
differences are mainly determined by the surface shapeBy contrast, other viruses that belong to the Reoviridae,
Atomic Structure of Rice dwarf Virus
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of the core P3 protein, which in turn establishes the The T-trimer of the P8 subunit interacts most strongly
with the core at the icosahedral 3-fold axis. The T-trimerorientation of the P8 trimers. In other words, the triangu-
lar shape of the A domain of the P3 core capsid protein closes an open window in the core at this site. Cores
with T-trimers of P8 protein have been observed byregulates how the P-trimers sit on the R-trimer (Figure
3A) and results in the formation of clear angles around cryo-EM (Wu et al., 2000). The R-trimer is packed around
the T-trimer via side-by-side interactions of P8 trimers,icosahedral 5-fold axes. Thus, the P-trimers at the 5-fold
icosahedral axis sit on the rough surface of the inner and interactions with the core also stabilize the interac-
tion between the R-trimer and the core. The Q-trimershell, and this location explains the unstable nature of
the attachment of this trimer to the virus particle. In has a significantly larger number of interactions than
the S-, R-, and P-trimers, and addition of a Q-trimer tofact, the temperature factors for the P-trimers at the
icosahedral 5-fold axis are significantly higher than those the core might follow the addition of the R-trimer. The
S-trimer attaches next via side-by-side interactions withof the other P8 trimers in the outer shell (Figure 3B).
adjacent trimers and the inner core. At the final stage
of assembly, P-trimers are accommodated around theStructural Assembly of the RDV Particle
The core and the outer shell of RDV consist of 120 copies icosahedral 5-fold axes via interactions with the inner
core and with Q-trimers.of the P3 protein and 780 copies of the P8 protein,
respectively. We examined the plausible order of assem- The recent report on the self-assembly of overex-
pressed P3 subunits into spherical particles and thebly of the subunits by analyzing the intersubunit interac-
tions. The strongest interactions, found between P3A formation of the intact virus-like particles by the expres-
sion of P3 and P8 proteins in a baculovirus expressionand P3B in dimeric structures consisting of Aa1 and Ba1
subunits, strongly suggest that this dimeric assembly system strongly supports our proposed assembly model
(Hagiwara et al., 2003).initiates the self-assembly of the RDV core particle. Each
of the dimers of P3 protein and each of the trimers of The proposed model for the hierarchy of structural
assembly is shown schematically in Figure 6.P8 protein behave as the building blocks of a larger unit,
since interprotein interactions within the P3 dimer and
Experimental Proceduresthe P8 trimer are very strong compared to other inter-
subunit interactions. There are at least possible two
Purification and Crystallization of RDVmodels for the next stage of the self-assembly of the
The O strain of RDV (Kimura et al., 1987) was purified as described
core. The first model involves three dimers assembled by Omura et al. (1982). Infected rice leaves were macerated in a
around a 3-fold icosahedral axis, while the second meat chopper. The resultant slurry was clarified by treatment with
CCl4 and subjected to differential centrifugations and consecutivemodel involves five dimers assembled around a 5-fold
density gradient centrifugations in 10% to 40% and 40% to 60%icosahedral axis. The Aa1-Ba1 dimer around the icosa-
sucrose. The final pellet, after high-speed centrifugation of the bandhedral 3-fold axis makes 24 hydrogen bonds and forms
of viral particles, was suspended in a 0.1 M solution of histidine that10 salt bridges with another dimer around the icosahe-
contained 0.01 M MgCl2 (pH 6.2) (His-Mg). The sample containeddral 3-fold axis (Aa1-Bb2 and Ba1-Bb2), while two adja- all viral components except the P2 protein, which had been removed
cent dimers around an icosahedral 5-fold axis interact from the sample during treatment with CCl4. Crystallization of RDV
was performed according to the method described by Mizuno etwith each other via 18 hydrogen bonds and 11 salt brid-
al. (1991).ges (Aa1-Ba2 and Aa1-Aa2) (Figure 1A, Table 2). Thus,
the Aa1-Ba1 dimer might interact preferentially with di-
Data Collectionmers that are related by an icosahedral 3-fold axis, when
Crystals were mounted in tapered glass capillary tubes filled withunsupported by other components, such as transcrip-
mother liquor, as the crystals deteriorated rapidly when removed
tional complexes or outer-shell capsid proteins. In the from the mother liquor. All diffraction experiments on RDV crystals
actual assembly process of virus particles, other com- were performed at the Photon Factory, High Energy Accelerator
Research Organization (KEK), Tsukuba, Japan. An imaging plateponents might help in the structural assembly of P3
(FUJI Photo Film Co., Japan) (Miyahara et al., 1986), equipped withdimers around an icosahedral 5-fold axis. The electron
a Weissenberg camera for macromolecular crystallography (Sakabedensity map of the inner core region shows a well-
et al., 1995), was used for data collection, and the imaging platesordered short-fragment peptide chain (Figure 1C). The
were read with IPR4080 imaging plate readers (Rigaku Co. Ltd,
electron density map clearly shows side chain features, Japan) (Sakabe et al., 1995). Indexing and integration of the diffrac-
and it allowed us to identify the segment as a fragment tion data were performed by the program DENZO (Otwinowski and
of P7 protein (Figure 1D). P7 protein is thought to be a Minor, 1997), and scaling and merging were performed by the pro-
gram SCALA in CCP4 (CCP4, 1994). The crystal belongs to the spacenonspecific nucleic acid binding protein (Ueda et al.,
group of I222, with cell dimensions of a  770(2), b  795(5), c 1997). This fragment of P7 protein binds tightly to part
814(5) A˚. Diffraction data at 3.5 A˚ resolution with 97.7% complete-of P3 protein with a 
 sheet structure (Figure 1D). This
ness were obtained from 1477 frames data from a total of 86 crystals.
tight interaction between the core and the nucleic acid Results for the diffraction data collection are summarized in Table 3.
binding protein P7 might be important for the transport
of nucleic acids into viral particles during the process Map Calculations
of viral assembly. Since an icosahedral 222 symmetry shares a crystallographic 222
symmetry, 1/15 of a virus particle occupies a noncrystallographicOnce the relative orientation between the core and a
asymmetric unit. Thus, 15-fold noncrystallographic symmetry (NCS)T-trimer has been established by specific electrostatic
averaging with solvent flattening was applied for phase improve-interactions with the P8 trimer and the core at the 3-fold
ment and extension. A 26 A˚ resolution electron density map, ob-axis, the icosahedral T  13l arrangement can be con-
tained by cryo-electron microscopy (cryo-EM) (Wu et al., 2000), was
structed by subsequent interactions between P8 trimers used as a starting model, and the resolution was extended to 3.5 A˚.
and the core, as well as interactions among P8 trimers Noncrystallographic symmetry (NCS) averaging was performed by
the RAVE package of the Uppsala Software Factory (USF) (Kleywegtthemselves.
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Figure 6. Proposed Hierarchy for the Assembly of RDV
On the basis of the strength of interactions between the various subunits, we propose the following sequence of events. (1) Insertion of the
amino-terminal arm of P3B into P3A initiates the assembly of a P3 dimer. (2) This P3A-P3B dimer acts as a unit piece in the jigsaw puzzle.
(3) A pentameric structure of dimers of P3 protein forms around an icosahedral 5-fold axis, and then (4) this pentameric structure assembles
(5) to form the core structure of the RDV particle. (6) The trimeric structure of P8 proteins acts as a unit piece of the assemblies and these
trimers attach to the icosahedral 3-fold axis at the T-site first. Orientation of the T-trimer on the surface of the core at the icosahedral 3-fold
axis is defined by electrostatic complementarities. (7) R-trimers then attach via interactions with the inner shell and with the T-trimers. (8)
Q-trimers and S-trimers attach to the core surface and, at the final stage of viral assembly, (9) P-trimers attach at the icosahedral 5-fold axes
to form the complete virus particle.
et al., 2001), CCP4 suite (CCP4, 1994), and some jiffy in-house- hedral quasi-symmetry in the outer capsid region, which was consis-
tent with the results obtained by the low-resolution ab initio phasingwritten programs. The starting resolution of the cryo-EM map for
phase extension and the magnification of the cryo-EM map were (Naitow et al., 1999). It showed T  1 icosahedral quasi-symmetry
in the inner capsid region (implying that two different icosahedrallyoptimized to minimize the R factor between Fcalc and Fobs (R  0.519;
correlation coefficient 0.607). Reflections that were not measured independent P3 subunits were present in the inner shell region) and
T  13 icosahedral quasi-symmetry of the P8 trimers in the outerwere replaced by calculated values, and a A-weighted 2mFo-DFc
map (Read, 1986) was used during phase extension cycles. Total shell region (which means one P8 monomer at the icosahedral 3-fold
axis and four P8 trimers were found in the icosahedral asymmetricof 3960 cycles of NCS averaging and phase extension was per-
formed to be reached to 3.5 A˚ resolution with 198 resolution steps unit of the outer shell). An atomic model of the core proteins, P3,
the outer shell proteins, P8, and a fragment of ribonucleic acidof phase extension and 20 cycles of NCS averaging within each
resolution step. The final correlation coefficient was 0.876 and the binding protein, P7, were built into the 3.5 A˚ resolution electron
density map without difficulty. The atomic model was built usingR factor was 0.264 at 3.5 A˚ resolution after 3960 cycles of NCS
averaging and phase extension. the program O (Jones et al., 1991).
RefinementModel Building
The resulting 3.5 A˚ resolution electron density map showed clear 60-fold icosahedrally related subunits were treated as identical, and
strict NCS constraint was applied during the refinement. After themolecular boundaries. The electron density revealed T  13l icosa-
Atomic Structure of Rice dwarf Virus
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first cycle of simulated-annealing refinement by the CNS program T. (2003). Assembly of single-shelled cores and double-shelled
virus-like particles of Rice dwarf virus after baculovirus expression(Bru¨nger et al., 1998), the model was refined from an R factor of
0.437 (Rfree  0.434) to an R factor of 0.350 (Rfree  0.355). Strict NCS of P3, P7 and P8 proteins. J. Gen. Virol. 84, 981–984.
constrain was applied for icosahedral symmetry-related subunits Holm, L., and Sander, C. (1993). Protein structure comparison by
during the refinement. Further positional and B-factor refinement, alignment of distance matrices. J. Mol. Biol. 233, 123–138.
followed by manual revision of the model, resulted in an R factor
Jones, T.A., Zou, J.-Y., Cowan, S.W., and Kjeldgaard, M. (1991).of 0.303 (Rfree  0.306) for all data between 230 and 3.5 A˚ with
Improved methods for building protein models in electron densityreasonable stereochemistry (rms deviations in bond lengths and
maps and the location of errors in these models. Acta Crystallogr.bond angles were 0.010 A˚ and 1.48	, respectively, and 85.2% of the
A 47, 110–119.nonglycine residues in the refined model lay in the most favored
Kimura, I., Minobe, Y., and Omura, T. (1987). Changes in a nucleicregion of the Ramachandran plot with only 0.1% in the disallowed
acid and a protein component of Rice dwarf virus particles associ-region [Laskowski et al., 1993]). During the refinement process, a
ated with an increase in symptom severity. J. Gen. Virol. 68, 3211–fragment of the RNA binding protein P7 could be placed within the
3215.electron density map.
The present model contains two P3 subunits (P3A, residues 50– Kinoshita, K., Furui, J., and Nakamura, H. (2001). Identification of
1016; P3B, residues 1–1019), 13 P8 subunits (PA, residues 1–47 protein functions from a molecular surface database, eF-site. J.
and 55–421; PB, residues 1–48 and 55–421; PC, residues 1–49 and Struct. Funct. Genomics 2, 9–22.
54–421; QA, residues 1–421; QB, residues 1–421; QC, residues 1–47
Kleywegt, G.J., Zou, J.-Y., Kjeldgaard, M., and Jones, T.A. (2001).and 54–421; RA, residues 1–421; RB, residues 1–48 and 53–421;
Around O. In International Tables for Crystallography, Volume F,RC, residues 1–421; SA, residues 1–421; SB, residues 1–50 and
M.G. Rossmann and E. Arnold, eds. (Dordrecht: Kluwer Academic53–421; SC, residues 1–47 and 56–421; T, residues 1–421), and a
Publishers), pp. 353–356.fragment of P7 (residues 289–300).
Kraulis, P.J. (1991). MOLSCRIPT: a program to produce both de-The representations of atomic structures were generated using
tailed and schematic plots of protein structures. J. Appl. Crystallogr.MOLSCRIPT (Kraulis, 1991) and rendered with RASTER3D (Merrit
24, 946–950.and Murphy, 1994).
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